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SUMMARY 


The  study  of  secondary  breakdown  of  silicon-on-sapphire  (SOS)  diodes  by 
physicists  at  Auburn  University  identified  the  need  for  special  device  structures  to 
determine  the  precise  mechanisms  of  second  breakdown.  Rockwell  International 
provided  the  expertise  for  design  and  fabrication  of  SOS  p-n  diodes  with  a  hill  range 
of  process  parameter  variations  and  physical  design  variations.  Two  lots  of  the 
special  SOS  diodes  have  been  fabricated,  electrically  characterized,  and  delivered  to 
Auburn  University.  An  indication  of  the  design  diversity  and  quantity  of  SOS  test 
diodes  involved  is  given  in  the  following  summary. 


Standard  reference  structures 

25  devices 

Contact/diffusion  spike  structures 

80  devices 

Enclosed  reference  structures 

20  devices  r 

Accession  For 

Half-size  spike  structures 

20  devices  | 

-TS  ORAM 

Multiple  spike  structures 

51  devices  i 

«  . C  1AB 

•nnounced 

Four-terminal  structures 

6  devices 

.  Mflcatlon- 

Doping  level  test  structure 

1  devices 

- - - 

Interdigitated  structures 

2  devices 

.  .  -trihutlor'/ 

Radius  of  curvature  structures 

_ 9  devices 

,'tllabllU 

214  devices  per  die 

■Avail  •  ' 

70  dice/ wafer  (some  edge  loss)  =  14,980  devices/wafer 
No.  devices/lot  =  214  x  70  x  5  wafers/lot  =  74,900 
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No.  design  variations/lot  =  214  x  5  =  1070 
(Five  starting  material  doping  levels) 


Based  upon  the  second-breakdown  test  requirements  for  the  Auburn  University 
study,  the  design  and  fabrication  goals  of  the  SOS  Electrical  Overstress  Investigations 
program  have  been  achieved . 


Device  design  was  oriented  toward  determining  structural  impact  on  the  initia¬ 
tion  of  second  breakdown  and  the  resulting  filaments tion  melt  paths.  To  identify 
specific  mechanisms  and  synergisms ,  it  is  recommended  that  a  failure  analysis  effort 
be  conducted  in  support  of  Auburn  University's  second-breakdown  tests.  Also,  the 
second  breakdown  tests  progress,  new  design  (and  analysis)  requirements  will  evolve. 
To  satisfy  these  requirements,  it  is  recommended  that  additional  wafer-tots  of  SOS 
diodes  be  fabricated  to  address  the  new  design,  test  and  analysis  data; 
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The  SOS  Electrical  Overstress  Investigations  program  is  sponsored  by  the 
Defense  Nuclear  Agency  under  RDT&E  RMSS  Code  B323077464  Z99QAXTB09703 
H2590D.  The  purpose  of  the  program  is  to  determine  the  specific  mechanisms  of 
secondary  breakdown  and  to  provide  a  mathematical  model  to  describe  this  phenom¬ 
enon.  Rockwell  International  is  contributing  to  this  goal  by  providing  SOS  p-n  diodes 
with  a  wide  range  of  design  and  process  variations  aimed  at  isolating  these  mechanisms. 
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1.  INTRODUCTION 


1.1  PROBLEM  STATEMENT 

Silicon-on-Sapphire  (SOS)  p-n  diodes  have  not  been  fabricated  with  a  full  range 
of  process  parameter  variations  and  physical  design  variations  aimed  at  isolating  the 
precise  mechanisms  of  second  breakdown.  One  of  the  major  problems  in  second 
breakdown  studies  of  SOS  devices  is  a  lack  of  critical  parameter  variations  in  existing 
test  structures.  Results  have  been  obtained  which  point  out  the  need  for  more 
definition.  For  example,  hotspot  location  versus  inhomogeneities  in  the  junction 
diffusion  has  been  noted,  although  not  firmly  related,  by  Dr.  Paul  Budenstein  and 
co-workers  at  Auburn  University.  Fabrication  of  special  SOS  p-n  junction  test 
devices  is  necessary  to  finalize  the  conclusions  drawn  in  the  work  of  Dr.  Budenstein, 
et  al. 

1.2  BACKGROUND 

1.2.1  SOS  Junction  Breakdown 


Secondary  breakdown  of  SOS  diodes  has  been  studied  and  described  (Ref  1)  by 
physicists  at  Auburn  University.  The  application  of  an  electrical  pulse  (pulse-power 
electrical  overstress)  was  used  to  induce  secondary  breakdown.  The  information  in 
this  section  is  a  summary  of  information  reported  in  Reference  1.  Second  breakdown 
is  a  descriptive  term  that  covers  a  range  of  current  filament  phenomena  in  junction 
systems.  Phenomenologically,  it  is  a  transition  to  a  high  conductance  state  that 
occurs  at  high  current  densities.  If  the  external  circuit  constrains  the  total  current 
in  the  device  to  a  constant  value,  then  the  transition  is  accompanied  by  a  voltage 
drop.  The  current  and  temperature  distributions  in  the  system  change  dynamically 
during  the  filamentation  process;  these  changes  cannot  be  modeled  as  a  succession  of 
steady-state  conditions.  For  many  years  it  was  not  possible  to  define  the  basic 
mechanisms  associated  with  second  breakdown,  although  numerous  plausible  sugges¬ 
tions  were  made  and  each  contained  merits.  The  breakthrough  for  delineating  the 
correct  mechanisms  came  with  the  work  of  Sunshine  and  Lampert  (Refs  2  -  5).  The 
studies  of  Budenstein,  et  al  (Refs  6-9)  followed,  using  the  stroboscopic  method 
developed  by  Sunshine.  The  stroboscopic  method  allows  instantaneous  current 
distributions  to  be  observed  in  transparent  thin-film  silicon  devices  because  the 
transmissivity  is  a  strong  function  of  the  film  temperature.  From  studies  of  silicon- 
on-sapphire  thin-film  diodes,  the  following  description  of  second  breakdown  has 
emerged  (Refs  2  -  9).  The  features  of  this  description  are  consistent  with  the 
phenomena  reported  for  three-dimensional  systems  of  many  different  geometries  and, 
hence,  are  truly  descriptive  of  second  breakdown. 

The  number  of  junction  channels  that  form  prior  to  filament  growth  depends  on 
the  pulse  length — i.e. ,  as  pulse  length  decreases,  the  number  of  channels  increases. 
The  current  amplitude  for  junction  channel  formation  increases  as  pulse  width 
decreases.  Since  the  location  of  the  channels  is  different  for  pulses  of  different 
length,  it  seems  that  inhomogeneities  play  only  a  secondary  role  in  channel  nuclea- 
tion;  the  locations  are  determined  primarily  by  the  heat  flow  and  electrical  conduction 
equations. 
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In  second-breakdown  studies,  the  time  from  the  leading  edge  of  the  exiting 
pulse  to  the  beginning  of  the  voltage  drop  is  called  the  delay  time.  For  non¬ 
destructive  second  breakdown,  the  voltage  drop  starts  after  all  filaments  have 
nucleated.  For  the  destructive  form,  the  voltage  drop  occurs  when  the  melt  starts 
to  grow.  The  times  of  occurrence  are  different;  however,  if  the  amplitude  of  the 
exciting  pulse  is  increased  far  above  threshold,  then  the  two  resulting  voltage  drops 
appear  to  occur  almost  similtaneously.  Filament  growth  involves  heating  of  the 
tightly  doped  region.  At  the  threshold  for  melt  formation,  the  portion  of  the  lightly 
doped  region  of  silicon  that  is  not  part  of  the  filament  is  at  a  temperature  close  to 
that  of  the  peak  of  the  temperature-resistivity  curve.  Thus,  the  delay  time  for 
destructive  second  breakdown  is  associated  with  the  heating  of  the  lightly  doped 
region.  The  thermal  time  constants  are  approximately  5  -  lOpsec.  A  power-time 
relationship  suggested  by  Flemming  (Ref  10)  is 

pr  j  ~  constant 
d 

The  exponent,  n,  in  this  equation  has  been  observed  to  range  from  0. 17  to  1.0  for 
various  types  of  p-n  junctions. 

Hence,  in  the  description  of  second  breakdown,  the  delay  time  to  the  onset  of 
destructive  breakdown  is  related  to  the  temperature  of  the  lightly  doped  region.  When 
this  temperature  reaches  a  value  corresponding  to  the  peak  of  the  temperature- 
resistivity  curve,  a  filament  bridges  the  lightly  doped  region  and  a  melt  channel  forms. 
At  high  power  levels,  consistent  with  the  results  of  Ferry  and  Dougal  (Ref  11),  the 
product  prd  seems  to  approach  a  constant  value. 

Since  the  events  of  SOS  junction  second  breakdown  are  not  well  established  with 
respect  to  device  parameters,  completely  descriptive  models  do  not  yet  exist. 
Questions  remain  regarding  the  roles  of  thermal  and  electronic  effects  in  SOS  diode 
second  breakdown. 

Semiconductor  junction  second  breakdown  has  been  studied  by  many  investiga¬ 
tors.  Several  diverse  measurement  and  observation  techniques  have  been  employed. 
SOS  diodes  have  added  another  dimension  to  these  studies  because  of  the  ability  to 
transmit  visible  light  through  the  transparent  sapphire  Bubstrate.  Further,  since  the 
optical  transmittance  is  an  inverse  function  of  temperature,  it  can  be  used  to  locate 
hotspot  areas  created  as  second  breakdown  levels  are  reached.  Investigators  in  this 
area  have  used  stroboscopic  observations  of  electrically  pulsed  junctions  to  obtain  a 
photographic  time  history  of  the  current  distribution  during  a  single  pulse  (Ref  2  -  3). 
As  these  tests  have  progressed,  the  need  has  developed  for  refinements  in  test 
procedures,  photographic  methods  and  in  the  SOS  test  devices. 
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2.  TECHNICAL  APPROACH 
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2.1  GENERAL 

Rockwell  International's  approach  to  the  problem  was  to  design  and  fabricate 
special  SOS  diode  test  structures  to  support  continuing  electrical  overstress  work  on 
second  breakdown.  These  structures  were  designed  for  use  in  the  stroboscopic 
experimental  methods  briefly  described  in  the  Appendix  and  more  fully  in  Reference  12. 
Diodes  used  in  these  tests  must  be  designed  such  that  the  junction  is  visible,  i.e. , 
not  covered  by  metallization,  so  that  current-density  patterns  such  as  those  in 
Figure  1  can  be  observed.  Definitive  tests  will  be  greatly  enhanced  by  using  diodes 
with  controlled  design  and  process  variations  to  investigate  the  second  breakdown 
mechanisms.  The  design  variations  planned  for  special  SOS  diode  structures  are 
described  in  the  following  section.  The  SOS  Electrical  Overstress  Program  Flow 
Diagram  outlining  the  functional  relationships  is  presented  in  Figure  2. 

2.2  DEVICE  DESIGN  AND  FABRICATION 

Test  devices  designed  and  fabricated  under  this  program  include  SOS  p-n 
diodes  and  simulated  bipolar  devices  for  characterization  and  analysis  by  Auburn 
University.  These  devices  were  fabricated  with  a  sufficiently  large  range  of 
physical  and  processing  parameters  to  permit  the  determination  of  electrical-over¬ 
stress-induced  junction  second  breakdown  failure  thresholds  as  related  to  (1)  inherent 
silicon  properties,  (2)  fabrication  properties,  and  (3)  quality  control  properties. 

Device  characteristics  such  as: 

•  Background  doping  concentration 

•  Effects  related  to  junction  radius  of  curvature 

•  Metallization  defects 

•  Lateral  diffusion  spikes 

•  Diode  body  width 

•  to  P+  separation  distance 

have  been  considered  for  this  purpose. 

Devices  fabricated  for  this  program  have  utilized  a  proven,  cost-effective, 
multi-cell  mask  design.  The  mask  design  contains  multiple  cells  so  that  a  number 
of  special  test  devices  are  included  in  a  single  mask  design.  Each  wafer  contains  all 
the  test  devices  and  demonstration  vehicles  required  to  meet  the  2nd  breakdown 
diode-characterization  objective  of  thiB  program.  This  approach  is  routinely 
employed  in  R&D  programs  requiring  a  variety  of  special  test  structures  and 
demonstration  vehicles.  Hardened  Complementary  Metal-Oxide-Silicon/Silicon- 
on-Sapphire  (CM08/S0S)  technology  was  employed  to  fabricate  SOS  transistors  and 
SOS  diodes  with  various  design  and  processing  parameters. 


T 


■■ 


KICKOFF 
MEETING 
(NOTE  II 


MASK 

DESIGN 


DESIGN 
REVIEW 
MEETING 
(NOTE  1) 


ELEC  CHAR 
OF  DEVICES 
AND  WAFERS 


SOSCKT 
FAB 
LOT  2 


DELIVER 

WAFERS 


SOSCKT 

FAB  4 _ 1 

LOT  1 
1DCOI 

ROCKWELL  DATA 
REVIEW  WITH 

10  MIRADCOMAND  AUBURN 

f" SECOND  ”1 
J  BREAKDOWN  I 
TESTS  , 

1  (NOTE  2)  : 


1.  TECHNICAL  INTERCHANGE  ANO  TECHNICAL  DIRECTION 
Z  AUBURN  UNIVERSITY  EXPERIMENTAL  WORK 

Figure  2.  SOS  Electrical  Overstress  Investigation  Program  Flow  Diagram 


2.3  MASK  DESIGN  AND  GENERATION 

For  the  SOS  Electrical  Overstress  Investigation  Program,  the  following  steps 
were  used  in  the  development  of  the  13  required  masks: 

Step  1:  Circuit  design  and  analysis 

Step  2:  Circuit  layout 

Step  3:  Digitization,  MOS-DRAW 

Step  3:  Tape  generation 

Step  Pen -plot 

Step  <!:  Color  guides  a  id  mask  generation 


Interrelationships  of  these  steps  are  shown  in  the  CMOS/SOS  Mask  Fabrication 
block  diagram  of  Figure  3. 
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Figure  3.  CMOS/SOS  Mask  Fabrication 


2.4  DEVICE  DESIGN  REQUIREMENTS 

Device  design  requirements  imposed  on  the  final  design  were: 

1.  Starting  material  doping,  Nq  ,  will  be  limited  to  five  concentrations, 
1014,  10lr\  10,  10  ,  5  X  1017  atom/cm3. 

Substrate  doping  concentrations  were  obtained  by  ion  implantation.  The 
amount  of  implant  dose  used  for  each  doping  level  was  determined  from 
the  relationship 


D  -  NKt 
where 

-2 

D  =  dose,  cm 

N  -  impurity  concentration,  atom/cm3 
K  =  0.33  -  0.35 


t  =  silicon  thickness,  cm 


arm 


143  143 

The  10  atom/ cm  wafer  did  not  receive  any  ion  implant  as  10  atom  'jm‘ 

is  the  intrinsic  value  ol  the  silicon  epitaxial  layer 

A  structure  to  measure  the  doping  level  of  the  substrate  is  provided. 

This  structure  is  described  in  Figure  4.  Doping  level  is  determined  by 
measuring  the  resistance  of  the  test  structure,  calculating  the  resistivity 
from  the  physics  of  the  structure: 

R(t  ,W) 

-  -r- 

where 

R  ~  resistance  in  ohms 
tsj  =  silicon  thickness,  cm 
W  =  structure  width,  cm 
L  =  structure  length,  cm. 

and  finding  the  corresponding  impurity  concentration  from  a  graph  of 
resistivity  versus  impurity  concentration  such  as  the  graph  in  Figure  5- 
The  initial  epitaxial  silicon  thickness  was  0.6  micron,  but  processing 
of  the  wafers  resulted  in  some  of  the  silicon  being  consumed.  Thus,  by 
the  end  of  the  processing,  perhaps  0.4  micron  of  silicon  remains. 


•  1  DEVICE 

•  N-rm  IMPLANT 
LEVEL 


1  X  1014 


1  X  to 
t  X  10 
1  X  to 


IS 

10 

17 


1  X  to17 


•  LENGTH  OETWEEN 
CONTACTS 

tOOp  (4  MILS) 

•  WIDTH 

300(1  (S  MILS) 


Figure  4.  Doping  Level  Test  Structure 
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RESISTIVITY 


Figure  5.  Resistivity  as  a  Function  of  Impurity  Concentration 


Another  factor  which  could  affect  the  measurement  is  the  presence  of 
surface  charge.  An  attempt  to  reduce  the  effects  of  surface  charge 
was  made  by  performing  an  hydroflouric  acid  etch  of  a  test  chip  from 
each  doping  level  to  remove  the  oxide.  The  measurements  were 
repeated  immediately  with  no  noticeable  differences.  Thus  surface 
charge  effects  were  excluded  as  a  consideration  from  the  resistivity 
measurements.  The  doping  level  test  structure  was  not  useful  with 
wafer  Lot  1  because  a  mask  error  resulted  in  no  contact  being  made 
to  the  N + *  regions.  Use  of  the  twenty  mil  diode  as  a  substitute  and 
other  measured  parameters  indicated  that  all  wafers  were  within  a 
factor  of  two  of  the  targeted  doping  levels. 

A  mask  correction  overcame  this  problem  for  wafer  Lot  2.  The  doping 
level  test  structure  indicated  doping  impurity  concentrations  as  listed 
in  Table  I. 

Wafer  2  showed  a  marked  difference  between  the  left  1/3  and  the  right  2/3 
of  the  wafer.  This  was  most  likely  due  to  an  implanter  misalignment. 

3.  A  "no  defect"  standard  reference  structure  will  be  included  for  baseline 
comparison  purposes. 

This  structure  is  described  in  Figure  6. 
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Table  1 .  Wafer  Lot  2  -  Impurity  Concentrations 


as 

i 

to1* 

2M*t2/S 

3xl»l* 

2  tail  1/3 

io»s 

2 

1  B,s 

4 

to*7 

f 

»xl01T 

4.  Edge-type  diodes  are  to  be  the  preferred  structure,  but  some  enclosed 
structures  will  be  included. 

Geometric  edge  effects  on  hot  spot  nucleation  will  be  studied  by  including 
a  set  of  Enclosed  Reference  Structure  devices  (Figure  7)  of  the  same 
dimensions  as  the  standard  reference  structures. 

5.  Diodes  of  20  mil  junction  width  will  be  included  for  experimental  continuity 
with  previous  work  done  at  Auburn  University. 

6.  Separation  of  p**  and  n++  regions,  Xg,  will  have  five  values,  10,  30,  100, 
300  and  500  microns. 

The  range  of  lengths  of  the  n  region  was  selected  to  represent  the  smaller 
geometry  devices  (10  microns  at  one  end)  to  a  length  sufficient  to  prevent 
punch  through  at  the  test  pulse  biases  (500  microns  at  the  long  end). 

7.  Diode  metal-to-metal  spacing  will  be  at  least  3  mils,  where  practical. 
(Note:  This  dimension  will  be  about  2.4  mils  on  devices  with  X£  =  10  m. ) 

8.  Production  fabrication  problems  resulting  in  metal  contact  spikes 
extending  into  the  diffused  regions  or  diffusion  spikes  extending  from 
one  diffused  region  into  another  may  affect  the  initiation  of  second 
breakdown.  Considerable  attention  was  given  to  the  spike  design  and 
its  unique  implementation  into  mask  design  and  mask  fabrication. 

This  concern  is  indicated  by  the  quantity  of  items  listed  regarding 
spike  design. 

Spikes,  boih  metal  and  diffusion  type  will  Jje  described  as  follows: 

e  Single  spikes  will  be  included  on  both  p++,  n  and  n++,  n  junctions, 

e  Metal  spikes  will  not  overlap  the  p**,  n  or  n'*"*',  n  junctions, 

e  Metal  spikes  will  extend  from  the  contact  into  the  p+  or  n+  regions, 

e  Spike  shape  is  to  be  60  degrees  equilateral  triangle,  as  shown  in 

Figure  8. 
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•  20  DEVICES 

•  N  -  TYPE  CONTROLLED  DOPING  REGION  (X£)  LENGTH 

10p 

30m 
100m 
300m 
BOOM 

Figure  7.  Enclosed  Reference  Structure 


•  BASIC  REFERENCE  STRUCTURE  WIDTH 

8  MILS 
4  MILS 
2  MILS 
1J  MILS 


A  full  diode  complement  will  consist  of  a  set  of  diodes  of  widths  1 .2, 
2,  4  and  8  mils.  The  8  mil  width  will  be  the  standard  width  diode  on 
the  chip. 


e  There  will  be  one  full  diode  complement  of  spikes  using  a  five-micron 
height. 

e  There  will  be  one  full  diode  complement  of  spikes  using  a  two-and-one- 
half  micron  height. 

e  Multiple  spikes  will  be  designed  to  have  1,  2,  4,  and  8  micron  heights, 
with  the  one-micron  spikes  located  sawtooth-wise  across  the  entire 
junction  and  (he  2,  4  or  8  micron  spikes  located  as  shown  in  Figure  8. 
All  multiple-spike  diodes  will  be  8  mils  wide,  with  Xe  3  10,  30  and 
100  microns.  Details  of  multiple  spike  construction  are  depicted 
in  Figure  8. 

e  A  minimum  of  1-mil  separation  will  be  allowed  between  spikes  and 
sharp  contours,  edges,  metal,  etc. 

e  Single  spikes  will  be  located  one-fourth  of  the  distance  from  the  diode 

edge. 

e  The  spikes  will  be  fabricated  with  a  point  of  approximately  one  micron 
diameter  (minimum  dimension,  because  of  lateral  diffusion  limits). 
Eighty  single-spike  devious  as  described  in  Figure  8  will  be  included 
on  the  Standard  Reference  Structure  type  of  diodes  in  Figure  6  to 


1 


s 


study  their  effects  in  this  regard.  An  attempt  to  determine  the  effects 
of  spike  size  will  be  implemented  by  including  a  set  of  one-half  size 
spikes  on  20  devices  as  described  in  Figure  9.  Finally,  a  set  of  diodes 
containing  multiple  spikes  in  combination  as  shown  in  Figure  8  is 
arranged  according  to  the  description  of  Figure  10,  "Multiple  Spike 
Structures".  The  1-micron  sawtooth  edge  is  included  to  represent  a 
non-smooth  p-n  junction  or  metal  edge.  Larger  spikes  are  placed  in 
areas  where  hot  spot  nucleations  probably  would  not  normally  occur. 


•  «0  DEVICES 

•  N  •  TYPE  CONTROLLED  DOPING 
REGION  (XE)  LENGTH 

WN 
ton 
»  a 
iooa 
aooa 

800a 

•  BASIC  STRUCTURE  WIDTH 


•  MILS 
4  MILS 
2  MILS 
1.2  MILS 

•  SPIKE  LENGTHS  LOCATION 


Sa  *  DISTANCE  PROM  LEFT  KANO  KLANO  EDGE 

•  SPIKE  DIRECTION 


N**  CONTACT  N-TYPE 

P**  CONTACT  N-TYPE 


H**  DIFFUSION  N-TYPE 

¥*+  DIFFUSION  N-TYPE 


Figure  8.  Spike  Detail 
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•  20  DEVICES 


4  MILS 


•  SPIKE  LENGTHS  LOCATION 

24  m  I  MIL  FROM  LEFT  -  HAND  EDGE 

•  SPIKE  DIRECTION 

N44  CONTACT  N  -  TYPE  N44  DIFFUSION  N -TYPE 
P44  CONTACT  ♦  N  *  TYPE  P44  DIFFUSION  -►  N  -  TYPE 

•  BASIC  STRUCTURE  WIDTH 

Figure  9.  Half-Size  Spike  Structure 

9.  Structures  to  simulate  bipolar  transistor  emitter  current  behavior  as  a 
function  of  radius  of  curvature  are  included. 

Features  of  this  cross-sectional  simulation  are  listed  and  shown  in  the 
topological  layout  of  Figure  11. 

10.  A  four-pad  structure  is  included  to  study  cross  current  crowding  effects. 
That  is,  the  effects  of  a  cross  current  in  the  N  region  of  the  diode  while  the 
current  pulse  is  being  applied  between  the  N44  and  P44  regions.  This 
structure  is  described  in  Figure  12. 

11.  Simulated  interdigitated  structures,  as  shown  in  Figure  13  are  included. 

This  structure  simulates  a  cross  section  of  an  interdigitated  device  as 
illustrated  in  Figure  14.  This  device  is  provided  to  enable  study  of 
laterial  junction  effect  on  hot-spot  nucleations. 

12.  Metallization  bonding  pads  will  be  4  mils  x  4  mils  square.  Although  smaller 
pads  could  be  used,  this  size  allows  reasonable  ease  of  micro  probing  both 
for  electrical  characterization  at  Rockwell  International  and  for  Auburn 
University’s  stroboscopic  pulse  tests. 

Design  items  which  were  considered  but  omitted  by  mutual  consent  were: 

e  "V"  notch  indents  -  no  significant  effect  expected, 
e  10  micron  width  diodes  -  impractically  small, 
e  Circular  and  star  structures  -  not  enough  chip  area  available, 

e  Four-  to  ten-pad  MSU  structure  -  Mississippi  State  University  with¬ 

drew  their  request  for  this  device. 


•  N  -  TYPE  CONTROLLED  DOPING 
REGION  (XE)  LENGTH 

10  m 

100m 

300m 

S00m 


44ML  SPACW6 


•61  DEVICES 

•  N  •  TYPE  CONTROLLED  DOPING  REGION  (X£)  LENGTH 

10|< 

»K 

100k 

•  BASIC  STRUCTURE  WIDTH 


8  MILS 

•  SPIKE  LENGTH 

1 K 

LOCATION 

2* 

CONTINUOUS  ACROSS  DEVICE 

2K 

2  MIL,  4  MIL.  A  SJ  MIL  FROM  LH  EDGE 

4k 

2  MIL  4  MIL,  A  U  MIL  FROM  LH  EDGE 

•  p 

2  MIL  4  MIL  A  AS  MIL  FROM  LH  EDGE 

•  SPIKE  DIRECTION 

N44  CONTACT  — »N  •  TYPE 

N44  DIFFUSION —•►N- TYPE 

F44  CONTACT  — —  N-TYPE 

F44  DIFFUSION  — •-N-TYPE 

Figure  10.  Multiple  Spike  Structures 


2.5  WAFER  FABRICATION 
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Following  chip  device  designs  and  mask  design  and  fabrication,  the  wafers  were 
ready  for  actual  fabrication  processing. 

Special  consideration  was  given  to  the  preparation  of  SOS  starting-material 
wafers  in  view  of  the  optical  requirements  of  the  stroboscopic  second  breakdown 
tests  to  be  performed  at  Auburn  University. 

1.  The  backside  of  the  sapphire  substrate  was  polished  optically  smooth. 

2.  To  facilitate  determination  of  top  vs  bottom  of  the  wafers,  a  special 
second  flat  ground  on  each  wafer  as  shown  in  Figure  15. 

3.  An  intrinsic  epi  layer  of  silicon  (0.55  to  0.65  microns  thick)  was  doped 
at  Rockwell  International  by  ion  implantation  to  obtain  the  five  starting 
material  doping  levels. 

All  wafers  were  sliced  from  a  single  boule. 

Consideration  was  given  to  using  2-micron  thick  epi  silicon  layers  to  minimize 
current  crowding  effects.  However  two  factors  made  use  of  a  thicker  epi  layer 
unattractive: 

1.  Thicker  epi  layers  result  in  less  transparency.  This  fact  impacts  the 
Auburn  University  tests. 

2.  Increasing  the  epi  thickness  would  introduce  a  new  variable  (additional 
yield  risk)  into  the  SOS  device-fabrication  process. 

2. 5.1  Diffusion  Doping  vs  Ion  Implantation 

In  the  interest  of  keeping  the  series  resistance  of  the  n*+  and  p++  regions  as  low 
as  possible,  the  diffusion  doping  method  (~25n/Dand  ~100  *1/ □,  respectively)  is 
preferred  over  the  ion  implantation  method  (~200  fl/D  and~400  O/D,  respectively). 
Diffusion  doping  was  used  for  forming  both  p++  and  n**  areas - 

2.5.2  Processing  Steps 

An  outline  of  the  SOS  Electrical  Overstress  Processing  Steps  used  to  fabricate 
this  chip  is  listed  s'equentially  in  Figure  16  Si-Gate  CMOS/SOS  process.  It  should  be 
noted  that,  following  step  L,  a  doped  silox  passivation  layer  is  deposited  and  the  pad 
areas  etched  for  electrical  contacts. 

Also,  this  set  of  processing  steps  is  necessary  to  fabricate  both  n  channel  and 
p  channel  transistors  on  the  process  evaluation  test  pattern.  Only  Steps  A  through  E 
actually  apply  to  the  fabrication  of  the  diodes  to  be  used  in  second  breakdown  tests. 
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WAFER  FIAT  ORIENTATION 


2  INCH  WAFER  EPI  SIDE  UP 

Figure  15.  Die  Identification 
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Figure  lf>.  Si -Gate  CMOS/SOS  Process 


2.6  DEVICE  ELECTRICAL  CHARACTERIZATION 


Generally,  two  sets  of  electrical  data  are  taken  from  five  die  samplings  per 
wafer.  The  first  data  set  is  taken  from  the  ten  pad  test  pattern  commonly  identified 
as  the  Test  10  pattern.  Most  of  the  data  taken  from  the  Test  10  pattern  is  obtained 
using  a  computer  programmed  test.  The  other  data  set  is  taken  from  the  SOS  diodes 
and  test  structures  using  a  hand  microprobe  and  curve  tracer  (Tektronix  576). 

2.6.1  Test  10  Electrical  Characterization 

The  first  set  of  data  is  the  computerized  program  data  obtained  by  probing  the 
Rockwell  Test  10  pattern.  Figure  17  is  a  sample  of  the  computer  printout  generated 
during  this  probe.  At  least  five  of  these  printouts  were  taken  for  each  wafer.  Table  2 
of  wafer  Lot  1  and  Table  3  of  wafer  Lot  2  are  condensations  of  this  data  with  averages. 
These  averages  are  listed  in  Tables  4  and  5,  Lots  1  and  2,  respectively.  Processing 
Test  Pattern  Data  Summary.  Rapid  wafer-to-wafer  data  comparison  is  obtained 
from  these  tables. 

These  data  generally  referred  to  as  "Test  10"  data,  are  not  identifiable  to  the 
die  level.  However,  the  probe  pattern  for  these  tests  includes  one  centrally  located 
die  and  one  die  each  from  the  four  points  of  the  compass. 

Immediately  upon  receipt  of  a  wafer  lot,  each  wafer  was  probed  to  obtain  a 
C-V  plot.  The  maximum  capacitance  value  obtained  from  this  plot  was  entered  into  a 
computer  program  (CAPAN)  to  determine  the  gate  oxide  thickness,  toX.  This  value 
is  found  from  the  mathematical  relationship  between  CGx  and  tox.  vis, 

c  -  KC°A 


where 

K  =  3.85  for  thermal  SiC>2  grown  in  dry  0^. 

e  =  8.85  x  10~12  fd/M 
o 

A  =10  mil  x  10  mil  =  capacitor  area 

thus, 

4 

2  2  x  1ft  * 

t  =  „ - A  with  C  in  picofarads 

ox  C  ox  r 

ox 


Tox  data  were  entered  into  a  second  computer  program  as  the  wafer  processing  test 
pattern  (TST10)  was  being  probed.  Data  obtained  from  the  Test  10  program  included: 


ENTER  OXIOE  THICKNESS*!)  7000 
ENTER  RESMTANCE  SOUARE  7214 
STARTING  DEVICE  NUMBER  X.V  71.7 
IS  IT  A  AUTOMATIC  TEST  (1-VES;  B-NO)  7» 

TEST  (1>SE6M.*DISCONTINUE)  71 
READY  TO  START  TEH  DEVICE  NO.  1  7 
METAL  CONTINUITY  OJOBE+OO  -  4.1SS1 
N+  /  P+  RESISTANCES).  C.120Et02  0.01  IE +02 
GATE  PROTECTION  DIODE  S.7S1E-S7  0.14EE+02 
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Figure  17.  CMOS/SOS  Test  10  Electrical  Characterization 


Table  2.  Lot  1  Test  10  Data  (Sheet  1  of  3) 


Table  2.  Lot  1  Test  10  Data  (Sheet  3  of  3) 
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Table  3.  Lot  2  Test  10  Data  (Sheet  1  of  2) 
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].  Metal  Continuity  -  a  measure  of  resistance  in  a  1/4  mil  wide  aluminum 
strip  traversing  16  steps.  Resistance  is  found  by  measuring  the  voltage 
drop  across  the  strip  while  50  mA  is  applied  and  performing  the  required 
arithmetic.  A  value  less  than  5  ft  is  acceptable. 

2.  Gate  Leakage  Current  -  is  measured  with  20  volts  between  the  gate  and 
channel.  Values  of  100  nA  or  greater  cause  the  computer  program  to 
abort  further  tests  on  the  device  in  probe. 

3.  Drain  Leakage  Current  -  is  measured  with  five  volts  shut-off  bias  on  the 
gate  and  12  volts  on  the  drain.  Values  of  10  p  A  or  greater  cause  the 
computer  program  to  abort  further  tests  on  the  device  in  probe. 

4.  Drain  Reverse  Breakdown  Voltage  -  is  measured  at  10  pA  with  five  volts 
shut-off  bias  on  the  gate. 

5.  Threshold  Voltage  ~  is  measured  at  a  drain  voltage  of  10  volts.  The 
computer  utilizes  a  least  squares  fit  method  to  extrapolate  the  I<]  vs  Vq 
curve  to  the  Vg  at  which  Id  =  0 

6.  Channel  Mobility  -  is  also  found  from  a  least  squares  fit  method  to 
determine  the  slope  of  the  Id  vs  Vq  curve  from  which  mobility  is 
determined,  vis, 


M  = 


slope 


ox 


These  are  low  voltage  parameters,  that  is  Vp  =  0. 1  volts. 


7.  Channel  Length  -  is  computed  by  combining  the  Blopes  of  the  conductance 
curves  obtained  from  the  0.3  x  3  mil  and  3x3  mil  transistors  (channel 
width  of  the  small  device  equals  channel  width  of  the  large  device,  Z  small 
Z  large)  to  obtain: 


L 


(  0.3  x  3)  = 


slope(3  x  3)  ^ 
slope(0.  3  x  3) 


3x3) 


or,  since  L  (3  x  3)  =  3  mil  =  75  pm. 


L 


(0.3  x  3)  =  75 


slope(3  x  3) 
slope(0. 3  x  3)' 


L  in  pM. 


2.6. 1.1  Test  10  Data  Comments 


Lot  1 

The  generally  high  n-channel  threshold  voltages  and  low  n-channel  mobilities 
are  a  result  of  the  poly-silicon  gate  material  not  receiving  the  required  doping 
concentration  due  to  equipment  failure  at  this  processing  step.  However,  the  function 
of  the  SOS  diodes  was  not  affected  by  this  problem  since  no  poly-silicon  is  used  in  the 
diode  process . 
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Lot  2 


A  cursory  inspection  of  the  Test  10  data  in  Table  3  or  Table  5  indicates 
excessive  drain  leakage  current  for  both  n-channel  and  p-channel  transistors.  Good 
values  to  use  as  standards  of  judgement  would  be  IoLN  s  50  nA  and  IdLP  4  10  nA. 
Curve  tracer  I-V  characteristics  also  indicate  some  leakage  but  not  in  the  degree 
tabulated  by  the  Test  10  data.  Comparison  of  these  data  with  the  data  taken  from 
the  diodes,  together  with  a  review  of  the  processing  steps,  points  to  the  problem 
lying  in  the  additional  implant  steps  required  for  the  transistors  and  secondly,  to 
the  possibility  of  noncontiguous  silox  masking  along  the  island  edges  during 
these  "extra"  implant  steps.  This  combination  of  events  can  create  an  undesirable 
conduction  path  along  the  island  edge.  The  diodes  do  not  exhibit  high  leakage 
characteristics  on  any  wafer  so  that,  in  this  regard,  the  leakage  problem  does  not 
pose  a  threat  to  the  performance  of  Dr.  Budenstein's  second  breakdown  tests. 

2.6.2  Diode  Electrical  Characterization 


An  identification  of  lot,  wafer,  die,  structure,  and  component  is  necessary  as 
a  prelude  to  diode  data  discussion.  To  be  compatible  with  BDM's  Tektronix  CP112 
f  loppy  Disc  recorder  the  following  identification  number  has  been  established: 

AB  CC  DD  EE 

where  A  is  the  lot  number  (1,2),  B  is  the  wafer  number  (1-5),  CC  is  the  die  number 
(01-80),  DD  is  the  structure  type  (01-14),  and  EE  is  the  diode  number  (01-51).  Thus, 
Lot  1,  Wafer  2,  Die  03,  structure  04,  and  diode  05  would  appear  12030405. 

Physically,  the  wafers  will  be  identified  by  a  mark  in  the  dropout  area  such  as 
1-2,  indicating  Lot  1,  Wafer  2.  The  die  will  be  identified  according  to  their  relative 
position  to  the  dropout  as  shown  in  Figure  15.  Structures  within  each  die  can  be 
located  by  the  structure  identification  photograph  in  Figure  18.  Finally,  a  blowup 
of  Figure  18  allows  each  component  to  be  numerically  identified  as  shown  in 
Figure  19,  SOS  Diode  Identification. 

The  second  set  of  data  was  concerned  with  forward  and  reverse  characteristics 
of  the  SOS  diodes.  These  data  consisted  of: 

1.  Diode  Forward  Voltage  vs  Forward  Current.  A  Tektronix  576  curve 
tracer  was  used  to  obtain  the  diode  I-V  characteristics.  Vj  was  measured 
at  If  =  10  pA,  50  p  A,  100  p  A  and  1  mA  or  to  breakdown,  whichever 
occurred  first. 

2.  Diode  Reverse  Breakdown  Voltage  -  was  also  obtained  from  curve  tracer 
1-V  characteristics.  BVD  was  defined  in  all  cases  at  Ip  =  10  pA.  If 
breakdown  was  not  reached  by  400  volts,  then  the  current  at  400  volts  was 
recorded  and  no  higher  voltage  was  attempted. 

Using  the  above  methods,  one  die  from  a  wafer  in  each  lot  was  fully 
characterized;  that  is,  ali  diodes  on  the  die  were  characterized.  These  results  are 
shown  in  Table  6  for  Lot  1  and  Table  7  for  Lot  2  and  provided  some  means  of 
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(14)  MULTIPLE  SPIKES 

Figure  18.  Structure  Identification 

establishing  a  guideline  for  the  method  of  s;  mple  testing  the  wafer  lot.  From  these 
data  it  was  concluded  to  use  the  diodes  of  n-region  width,  Xjr  =  30  pM  and  diode 
width  -  8  mils  as  the  sample  vehicle.  Further,  to  eliminate  repetition,  but  to  gain 
a  cross  section  ol  diode  types,  Structures  01,  02,  07  and  11  were  selected.  The 
data  obtained  from  five  die  on  each  of  the  wafers  are  listed  In  Table  8,  Wafers  1,  2, 
3,  4  and  5,  respectively,  from  Lot  1  and  in  Table  9,  Wafers  1,  2,  4  and  5 
respectively,  from  Lot  2.  Data  from  Lots  1.  and  2  are  summarized  in  Tables  10  and 
11  respectively.  Diode  Data  Summary,  to  give  a  ready  comparison  of  parameters. 

A  "BD"  in  this  table  means  that  the  diode  has  reached  breakdown.  An  arrow 
(-•)  means  that  thermal  walkout  was  not  entirely  stable  at  the  time  the  measurement 
was  taken.  A  line  means  no  measurement  was  taken. 

2.6.3  Starting  Doping  Levels 


Structure  09  is  a  doping  level  test  structure  consisting  of  a  large  resistor  to 
be  used  to  determine  the  starting  material  doping  concentrations  of  each  wafer.  On 
Lot  1  this  structure  contained  a  mask  error  such  that  no  contact  was  made  from  the 
metal  to  the  N*+  material.  This  error  was  rectified  so  that  the  doping  level  test 
structure  is  functional  in  Lot  2.  Impurity  concentrations  determined  from  doping 
level  test  structure  measurements  are  listed  in  Table  1  for  Lot  2.  Lot  1  was 
determined  by  reverse  breakdown  and  diode  body  resistance  measurements  to  be 
within  a  factor  of  two  of  the  targeted  values. 
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Table  6.  Lot  1  Diode  Electrical  Characterization 
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Table  0.  Lot  1  Diode  Electrical  Characterization  (Cont) 


Table  6.  Lot  1  Diode  Electrical  Characterization  (Cont) 


Table  7.  Lot  2  Diode  Electrical  Characterization  (Full)  (Cont) 
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Table  8.  Lot  1  Diode  Electrical  Characterization 


Table  8.  Lot  1  Diode  Electrical  Characterization  (Cont) 


Table  8.  Lot  1  Diode  Electrical  Characterization  (Cont) 


Table  9.  Lot  2  Diode  Electrical  Characterization 
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Table  9.  Lot  2  Diode  Electrical  Characterization  (Cont) 


Table  9.  Lot  2  Diode  Electrical  Characterization  (Cont) 


Table  9.  Lot  2  Diode  Electrical  Characterization  (Cont) 
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Table  1 1 .  Lot  2  Diode  Data  Summary 
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III.  CONCLUSIONS 


The  objective  of  this  contractual  effort  has  been  met.  That  is,  a  complement  of 
SOS  p-n  diodes  with  a  full  range  of  process  parameter  variations  and  physical  design 
variations  has  been  provided  to  aid  in  isolating  the  precise  mechanisms  of  second 
breakdown.  All  design  goals  of  the  special  advanced  structures  were  accomplished. 
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IV.  RECOMMENDATIONS 


It  is  anticipated  that  new  device  design  requirements  will  arise  as  Auburn 
University  progresses  through  their  second  breakdown  tests.  These  teBts  will  also 
produce  a  large  set  of  devices  which  have  been  stressed  to  catastrophic  failure.  It 
will  be  necessary  to  determine  precisely  how  the  failures  occurred-  For  example, 
was  the  metal  spike  responsible  for  initiating  the  melt  path?  It  is  therefore 
recommended  that  a  failure  analysis  effort  be  incorporated  into  the  existing  program 
to  determine,  in  detail,  the  actual  causes  of  failure.  Secondly,  it  is  recommended 
that  additional  wafer  lots,  reflecting  new  design,  test  and  analysis  results  be  planned 
for  the  program. 
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APPENDIX 

STROBOSCOPIC  EXPERIMENTAL  ARRANGEMENT 
AS  DESCRIBED  IN  REFERENCE  7 

STROBOSCOPIC  ARRANGEMENT 

An  inverted  metallurgical  microscope  (Unitron)  was  used  for  observing  the 
light  transmitted  by  the  silicon-on-sapphire  diodes  (see  Figure  A-l).  The  inverted 
configuration  allows  current  probes  and  microscope  objectives  to  be  positioned 
independently  and  without  interference  with  each  other.  This  is  necessary  both  for 
convenience  and  because  high  power  objectives  must  be  within  0. 3  mm  of  the  surface 
observation.  An  eight-inch  square  of  steel  sheet  was  screwed  to  the  regular  micro¬ 
scope  stage,  increasing  its  area  to  accommodate  movable  current  probes.  The 
probes  (Wentworth  Laboratories  Model  PR-0160)  were  held  in  a  fixture  with  a 
permanent  magnet  base.  No  special  holder  was  required  for  the  devices  because  the 
magnetically  secured  probes  firmly  constrained  the  test  wafer.  The  stage  could  be 
translated  across  the  microscope  objective  to  view  the  diode  to  be  tested.  A  low- 
power,  long  working  distance  stereomicroscope  was  located  above  the  stage  and  used 
to  position  the  probes. 
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Figure  A-l.  A  Silicon -on -Sapphire  Diode  in  Position  for  Observation  of  Second 
Breakdown  Phenomena. 
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The  diodes  were  illuminated  from  above  by  a  pulsed  arc  source  focused  by  a 
50  mm  camera  lens.  A  Xenon  Corporation  open  electric  arc  (Nanolamp)  with  power 
supply  (Model  437  Nanopulser)  and  external  trigger  provided  a  broad-band  output 
with  a  peak  intensity  of  50,000  watts,  pulse  duration  of  10  nsec,  pulse  repetition 
rate  of  0  to  100  per  second,  and  a  jitter  relative  to  the  trigger  signal  of  about  1  fisec. 
This  light  source  has  its  spectral  output  in  the  sensitive  range  of  conventional 
photographic  emulsions.  Its  brightness  in  the  visible  range  is  sufficient  that  no  image 
intensification  is  required  for  direct  microscopic  observations.  Its  broad  band 
precludes  interpretive  problems  due  to  interference  effects  associated  with  internal 
reflections  in  the  silicon  layer  and  the  sapphire  substrate.  Thus,  it  is  a  far  superior 
source  for  stroboscopic  studies  than  Sunshine's  AlGaAs  laser  (10  nsec  pulses, 

710oA,  liquid -nitrogen  cooled),  which  required  image  intensification,  could  not  be 
used  with  photographic  materials  because  of  the  low  sensitivity  of  photographic 
emulsions  to  the  far  red,  and  the  interpretive  problems  associated  with  interference 
effects. 

Electrical  excitation  of  the  diodes  was  done  with  constant  current  pulses, 
variable  in  amplitude  up  to  750  mA,  into  a  100  ohm  load.  This  capability  proved  to 
be  more  than  adequate  for  the  purposes  of  this  work.  Most  testing  was  done  with 
pulses  of  100  psec  duration  and  at  a  repetition  rate  of  0  -  100  pps.  When  desired, 
the  circuit  could  be  operated  in  a  single-pulse  mode. 

A  block  diagram  of  the  complete  stroboscopic  system  is  shown  in  Figure  A- 2. 

A  Hewlett-Packard  Model  214A  pulse  generator  provides  a  variable  width  rectangular 
voltage  pulse  and  a  trigger  pulse  whose  position  in  time  relative  to  the  leading  edge 
of  the  rectangular  voltage  pulse  can  be  continuously  delayed  or  advanced  up  to  10  msec. 
The  main  pulse  is  used  to  drive  the  constant  current  amplifier,  which,  in  turn, 
applies  a  current  pulse  to  the  device  under  investigation.  The  trigger  output  from  the 
HP  214A  determines  the  time  at  which  the  strobe  light  is  excited.  However,  the 
trigger  pulse  from  the  HP  214A  was  inadequate  to  drive  the  Nanopulse  control,  so  a 
GR  Model  1217B  pulse  generator  is  used  to  obtain  an  effective  trigger  pulse.  The 
waveforms  of  the  voltage  across  the  test  device  and  the  current  through  it  were 
displayed  on  a  dual-trace  oscilloscope  (Tektronix  Model  551). 

Finally,  the  actual  firing  time  of  the  light  source  with  respect  to  the  initial 
rise  of  the  current  pulse  was  established  using  a  CdS  photocell  mounted  beside  the 
light  source  to  detect  the  flash.  The  output  signal  from  the  photocell  goes  through 
an  RC  pulse  shaping  network  which  controls  the  beam  intensity  of  the  oscilloscope. 

The  display  on  the  CRO  thus  shows  the  voltage  and  current  waveforms  with  a  bright 
spot  marker  on  both  traces  indicating  the  position  of  the  tight  flash  relative  to  the 
electrical  pulse. 

At  very  high  current  levels,  significant  damage  occurs  on  every  pulse,  so  it 
is  desirable  to  be  able  to  employ  single  pulses.  Such  a  capability  also  assures 
that  no  information  is  obscured  by  operation  in  the  stroboscopic  mode,  as  might 
occur  if  the  locus  of  a  current  channel  shifted  from  pulse  to  pulse.  By  focusing  the 
light  from  the  pulsed  source  to  a  spot  slightly  larger  than  the  specimen  and  using 
Kodak  Tri-X  or  Polaroid  3000  ASA  film,  Bingle  pulse  events  could  be  photographed 
with  a  5X  microscope  objective.  The  results  of  this  type  of  single  event  photography 
were  useful  in  establishing  the  repeatability  of  the  stroboscopic  mode.  In  most  cases 
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Figure  A-2.  Block  Diagram  of  the  Apparatus  for  Stroboscopic  Observations 
of  Optica!  Transmission  Patterns  of  Siticon-on-Sapphire  Devices 
under  Electrical  Stress  (Reference  Dl) 

not  involving  damage,  the  system  was  repetitively  pulsed  because  visual  and  photo¬ 
graphic  observations  could  be  more  easily  made  with  repetitive  than  with  single  pulses. 

Diodes  emit  light  during  avalanche,  filamentation,  and  second  breakdown.  The 
photographic  arrangement  of  the  stroboscopic  setup  can  be  used  to  record  this 
emission.  The  integrated  intensity  of  each  pulse  is  obtained,  since  no  shutter  was 
available  to  stroboscopically  examine  the  emitted  light  Normally  it  is  necessary  to 
integrate  over  a  number  of  pulses  to  obtain  good  photographs. 

By  placing  a  photomultiplier  in  the  film  plane  of  the  camera  with  a  Bmait 
aperture  over  the  cathode  window,  it  was  possible  to  use  the  calibrated  temperature 
dependence  of  the  optical  transmittance  of  the  silicon  to  measure  temperatures 
within  the  device.  This  arrangement  has  the  potential  of  making  temperature 
measurements  from  room  temperature  up  to  about  700C,  with  a  time  resolution  of 
10  nsec,  and  a  spatial  resolution  of  10  microns. 
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Dikewood  Corporation 
ATTN:  L.  Davis 

E -Systems,  Inc 

ATTN:  K.  Reis 

E -Systems,  Inc 

ATTN:  Division  Library 

Effects  Technology,  Inc 
ATTN:  E.  Steele 

Electronic  Industries  Association 
ATTN:  J.  Hessman 

Ex-Cal ,  Inc 

ATTN:  R.  Dickhaut 

Exp  4  Math  Physics  Consultants 
ATTN:  T.  Jordan 


Fairchild  Industries,  Inc 
ATTN:  R.  Patton 
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Ford  Aerospace  &  Communications  Corp 


ATTN 

J.  Davison 

ATTN 

E.  Poncelet.  Jr 

ATTN 

K.  Attinger 

ATTN 

Technical  Information  Services 

Ford  Aerospace  &  Communications  Corp 

ATTN 

E.  Hahn 

Franklin  Institute 

ATTN 

R.  Thompson 

Garrett  Corp 

ATTN 

R.  Weir 

General  Dynamics  Corp 

ATTN 

w.  Hansen 

General  Dynamics  Corp 

ATTN 

0.  Wood 

ATTN 

R.  Fields 

General  Electric  Co 

ATTN 

D.  Tasca 

ATTN 

R.  Casey 

ATTN 

L.  Sivo 

ATTN 

Technical  Info  Ctr  for  L.  Chasen 

ATTN 

J.  Andrews 

ATTN 

J.  Peden 

General  Electric  Co 

ATTN 

Technical  Library 

ATTN 

R.  Benedict 

ATTN 

W.  Patterson 

ATTN 

J.  Palchefsky,  Jr 

ATTN 

R.  Casey 

General  Electric  Co 

ATTN 

R.  Hellen 

General  Electric  Co 

ATTN 

J.  Gibson 

ATTN 

D.  Cole 

ATTN 

C.  Hewison 

General  Electric  Co 

ATTN 

D.  Pepin 

General  Research  Corp 

ATTN:  Technical  Information  Office 
ATTN:  R.  Hill 


George  C.  Messenger 
Consulting  Engineer 

ATTN:  G.  Messenger 

Georgia  Institute  of  Technology 
ATTN:  R.  Curry 

Georgia  Institute  of  Technology 

ATTN:  Res  i  Sec  Coord  for  H.  Denny 

Goodyear  Aerospace  Corp 

ATTN:  Security  Control  Station 

Grunwan  Aerospace  Corp 
ATTN:  J.  Rogers 


DEPARTMENT  OF  DEFENSE  CONTRACTORS  (Continued) 

GTE  Microcircuits 

ATTN:  F.  Krch 

Harris  Corp 

ATTN:  W.  Abare 
ATTN:  C.  Davis 

Harris  Corporation 

ATTN:  T.  Sanders 

ATTN:  Mngr  Bipolar  Digital  Eng 

ATTN:  J.  Cornell 

ATTN:  C.  Anderson 

ATTN:  Mgr  Linear  Engineering 

Honejnvell,  Inc 

ATTN:  R.  Gum 

Honeywell ,  Inc 

ATTN:  C.  Cerulll 
ATTN:  MS  725-5 

Honeywell,  Inc 

ATTN:  Technical  Library 

Hughes  Aircraft  Co 

ATTN:  CTDC  6/E  110 
ATTN:  R.  McGowan 
ATTN:  J.  Singletary 
ATTN:  D.  Binder 
ATTN:  K.  Walker 

Hughes  Aircraft  Co 

ATTN:  D.  Shumake 
ATTN:  A.  Narevsky 
ATTN:  E.  Smith 
ATTN:  W.  Scott 

IBM  Corp 

ATTN:  Mono  Memory  Systems 
ATTN:  Electromagnetic  Compatabil Ity 
ATTN:  T.  Martin 
ATTN:  H.  Mathers 

IBM  Corp 

ATTN:  MS  110-036,  F.  Ttet» 

I  IT  Research  Institute 
ATTN:  I.  Mlndel 

Institute  for  Defense  Analyses 
ATTN:  Tech  Info  Services 

International  Business  Machine  Corp 
ATTN:  J.  Ziegler 

International  Tel  t  Telegraph  Corp 
ATTN:  Dept  608 
ATTN:  A.  Richardson 

Intersil  Inc 

ATTN:  D.  MacDonald 

Ion  Physics  Corp 

ATTN:  R.  Evans 
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I RT  Corp 

ATTN:  Physics  Division 
ATTN:  J.  Harrity 
ATTN:  MDC 

ATTN:  Systems  Effects  Oivision 
ATTN:  N.  Rudie 
ATTN:  R.  Mertz 

JAY COR 

ATTN:  T.  Flanagan 
ATTN:  L .  Scott 
ATTN:  R.  Stahl 

JAYCOR 


ATTN: 

R.  Sull ivan 

Johns  Hopkins  University 

ATTN: 

P.  Partridge 

Haitian  Sciences  Corp 

ATTN: 

President 

ATTN: 

H.  Rich 

ATTN: 

M.  Bell 

ATTN: 

Oir  Science  A  Technology  Oiv 

ATTN: 

N.  Beauchamp 

ATTN: 

J.  Lubell 

ATTN: 

H.  Hare 

Hainan  Tempo 

ATTN 

R.  Rutherford 

ATTN 

M.  Espig 

ATTN 

U.  McNamara 

ATTN 

DAS  I AC 

Kaman  Tempo 

ATTN 

DASIAC 

Litton  Systems,  Inc 

ATTN 

J.  Ret tier 

ATTN 

V.  Ashby 

Lockheed  Missiles  A  Space  Co.  Inc 

ATTN 

Reports  Library 

ATTN 

J.  Smith 

ATTN 

J.  Crowley 

Lockheed  Missiles  &  Space  Co,  Inc 

ATTN 

E.  Hessee 

ATTN 

C.  Thompson 

ATTN 

L.  Rossi 

ATTN 

M.  Smith 

ATTN 

D.  Holfhard 

ATTN 

B.  Ktimjra 

ATTN 

E .  Smith 

ATTN 

P.  Bene 

ATTN 

D.  Phi  1 1 tps/DPT  62-46 

M.  I  ,T  .  L incoln  Lab 

ATTN 

P.  Mckenzie 

Magna  vox  Govt  A  Indus  Electronics  Co 
ATTN:  H .  Richeson 


Martin  Marietta  Corp 

ATTN:  S.  Bennett 
ATTN:  H .  Cates 
ATTN:  H .  Janocko 
ATTN:  R.  Gaynor 
ATTN:  N.  Brockett 
ATTN:  TIC/MP-30 


DEPARTMENT  OF  DEFENSE  CONTRACTORS  (Continued) 

Martin  Marietta  Corp 
ATTN:  P.  (Case 
ATTN:  E.  Carter 
ATTN:  Research  Library 

McDonnell  Douglas  Corp 
ATTN:  M.  Stitch 
ATTN:  T.  Ender 
ATTN:  Library 

McDonnell  Douglas  Corp 
ATTN:  P.  Albrecht 
ATTN :  J .  Hoi  mgrem 
ATTN:  0.  Fitzgerald 

McDonnell  Douglas  Corp 

ATTN:  Technical  Library 

Mission  Research  Corp 

ATTN:  C.  Longmtre 
ATTN:  M.  Van  Blaricum 

Mission  Research  Corp 

ATTN:  D.  Me rewether 
ATTN:  R.  Pease 

Mission  Research  Corp,  San  Diego 
ATTN:  J.  Raymond 
ATTN:  V.  Van  Lint 

Mission  Reisarch  Corporation 
ATTN-  H.  Hare 

Mi  ere  Corp 

ATTN:  M.  Fitzgerald 

Motorola.  Inc 

ATTN:  A.  Christensen 

Motorola,  Inc 

ATTN:  0.  Edwards 

National  Academy  of  Sciences 
ATTN:  R.  Shane 

ATTN:  National  Materials  Advisory  Board 

National  Semiconductor  Corp 
ATTN:  A.  London 
ATTN:  R.  Hang 

University  of  New  Mexico 
ATTN:  H.  Southward 

Norden  Systems,  Inc 

ATTN:  Technical  Library 
ATTN:  D.  Longo 

Northrop  Corp 

ATTN:  J.  Srour 

Northrop  Corp 

ATTN:  P.  Gardner 
ATTN:  L.  Apodaca 
ATTN:  D.  Strobel 
ATTN:  Sec  Ofc  for  T.  Jackson 

Pacific-Sierra  Research  Corp 
ATTN:  H.  Brode 


DEPARTMENT  OF  DEFENSE  CONTRACTORS  (Continued) 

Palisades  Inst  for  Rsch  Services,  Inc 
ATTN:  Secretary 


DEPARTMENT  OF  DEFENSE  CONTRACTORS  (Continued) 

Science  Applications  Inc 
ATHt:  0.  Mi  11  ward 


Physics  International  Co 

ATHt:  Division  5000 
Anil:  J.  Shea 

RAD  Associates 

ATTN:  S.  facers 
ATTN:  it.  (Cartas 
ATTN:  P.  Haas 


Rand  Corp 
ATTN: 

Raytheon  Co 
ATTN: 
ATTN: 

Raytheon  Co 
ATTN: 
ATTN: 

RCA  Corp 

ATTN: 

ATTN: 

RCA  Corp 

ATTN: 

ATTN: 

AHN: 

RCA  Corp 

Amt: 


C.  Crain 


G.  Joshi 
J.  Ciccio 


A.  Van  Doren 
H.  Flescher 


V.  Nancino 
G.  Brucker 


Office  N103 
D.  O'Connor 

L.  Hinich 


R.  Kill  ion 


Science  Applications,  Inc 
ATTN:  L.  Scott 
ATTN:  D.  Long 
AHN:  V.  Verbinski 
AHN:  J.  Beyster 
ATTN:  V.  Ophan 
ATTN:  J.  Naber 


Science  Applications,  Inc 
ATTN:  N.  Bym 

Science  Applications,  Inc 
ATTN:  W.  Chadsey 

Science  Applications.  Inc 
ATTN:  D.  Stribling 

Singer  Co 

ATTN:  J.  Brinkaan 


Singer  Co 

AHN:  R.  Spiegel 

ATTN:  Technical  Information  Center 


Sperry  Rand  Corp 

ATTN:  Engineering  Laboratory 

Sperry  Rand  Corp 

ATTN:  C.  Craig 
ATTN:  R.  Viola 
ATTN:  P.  Naraffino 
ATTN:  F.  Scaravagl lone 


RCA  Corp 

ATTN:  U.  Allen 


Sperry  Rand  Corp 

ATTN:  D.  Schow 


Rensselaer  Polytechnic  Institute 

ATTN:  R.  Gutmaim  Sperry  Uni  vac 

ATTN:  J.  Inda 


Research  Triangle  Institute 

ATTN:  Sec  Ofc  for  M.  Simons,  Jr  Spire  Corp 

ATTN:  R.  Little 


Rockwell  International  Corp 


ATTN: 

ATTN 

ATTN: 

ATTN 

ATTN 

ATTN 


V.  De  Martino 
K.  Hull 
V.  Michel 
J.  Brandford 
V.  Strahan 
N.  Rudie 


«  cy  ATTN 


L.  Green 


SRI  International 

ATTN:  P.  Dolan 
ATTN:  B.  Gas ten 
ATTN:  A.  Whitson 

Sundstrand  Corp 

ATTN:  Research  Department 


Rockwell  International  Corp 
AHN:  TIC  0/A1-092  AJ01 

Rockwell  International  Corp 
ATTN:  T.  fates 
AHN:  TIC  BA08 

Rockwell  International  Corp 
ATTN:  D.  Vincent 
ATTN:  TIC  106-216 
ATTN:  A.  Langenfeld 

Sanders  Associates,  Inc 
ATTN:  L.  Brodeur 


Syl vania  Sy steals  Group 

ATTN:  C.  Thornhill 


ATTN: 

L.  Blaisdel 1 

ATTN: 

L.  Peoples 

vania  Systems  Group 

ATTN: 

H.  Ullaan 

ATTN: 

HIV  Group 

ATTN: 

J.  Waldron 

ATTN: 

P.  Fredrickson 

Systron-Donner  Corp 

ATTN:  J.  Indelicato 


69 


DEPARTMENT  Of  OEFEMSE  CONTRACTORS  (Continued)  DEPARTMENT  Of  DEFENSE  CONTRACTORS  (Continued) 


Teledyne  Brown  Engineering  TRW  Defense  A  Space  Sys  Group 


ATTN: 

J.  HcSwaln 

ATTN 

M.  Gorman 

ATTN 

R.  Kltter 

Teledyne  Ryan  Aeronautical 

ATTN 

W.  Willis,  M/S  RI/2078 

ATTN: 

J.  Rawlings 

ATTN 

F.  Fay 

Tetra  Tech, 

Inc 

TRW  Sys teas  and  Energy 

ATTN: 

T.  Simpson 

ATTN 

G.  Spehar 

ATTN 

B.  Gilliland 

Texas  Instruments,  Inc 

ATTN 

R.  Mathews 

ATTN: 

A.  Peletler 

ATTN: 

R,  Stehlln 

Vought  Corp 

ATTN: 

0.  Nanus 

ATTN 

Library 

ATTN 

R.  Tomme 

Texas  Instruments,  Inc 

ATTN 

Technical  Data  Center 

ATTN:  F.  Poblent 


TRW  Defense 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 
2  cy  ATTN 
2  cy  ATTN 


A  Space  Sys  Group 
R.  Tings  land 
A.  Pavel ko 

Vulnerability  A  Hardness  Laboratory 
W.  Rowan 
P.  Gullfoyle 
A.  Wltteles 

Technical  Information  Center 
A.  Narevsky 
H.  Holloway 
R.  Plebuch 
0.  Adams 


Westlnghouse  Electric  Co 
ATTN:  L.  McPherson 

Westlnghouse  Electric  Corp 
ATTN:  D.  Crlchl 
ATTN:  H.  Kalapaca 
ATTN:  MS  3330 

General  Electric  Co 
ATTN:  J.  Reldl 
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